We recently reported the first identification of rotational transitions of methyl formate (HCOOCH 3 ) in the second torsionally excited state toward Orion Kleinmann-Low (KL) observed with the Nobeyama 45 m telescope. In combination with the identified transitions of methyl formate in the ground state and the first torsional excited state, it was found that there is a difference in rotational temperature and vibrational temperature, where the latter is higher. In this study, high spatial resolution analysis by using Atacama Large Millimeter/Submillimeter Array (ALMA) science verification data was carried out to verify and understand this difference. Toward the Compact Ridge, two different velocity components at 7.3 and 9.1 km s −1 were confirmed, while a single component at 7.3 km s −1 was identified towards the Hot Core. The intensity maps in the ground, first, and second torsional excited states have quite similar distributions. Using extensive ALMA data, we determined the rotational and vibrational temperatures for the Compact Ridge and Hot Core by the conventional rotation diagram method. The rotational temperature and vibrational temperatures agree for the Hot Core and for one component of the Compact Ridge. At the 7.3 km s −1 velocity component for the Compact Ridge, the rotational temperature was found to be higher than the vibrational temperature. This is different from what we obtained from the results by using the single-dish observation. The difference might be explained by the beam dilution effect of the single-dish data and/or the smaller number of observed transitions within the limited range of energy levels (≤30 K) of E u in the previous study.
Introduction
Methyl formate (HCOOCH 3 ) was first identified toward Sgr B2 by Brown et al. (1975) and is one of the most abundant interstellar molecules that is almost inevitably found in star-forming regions (Liu et al. 2001; Bisschop et al. 2007 ). Orion Kleinmann-Low (KL) is a molecular-rich source and there are many studies on it, including spectral line surveys (Sutton et al. 1985; Turner 1991; Schilke et al. 1997 Schilke et al. , 2001 Beuther et al. 2005 Beuther et al. , 2006 Tercero et al. 2010 Tercero et al. , 2011 Crockett et al. 2014 ). Methyl formate is one of the contributing molecules showing more than 1000 transitions (Lovas 2009; Takano et al. 2012 ).
Molecules with CH 3 rotor(s) such as HCOOCH 3 involves interaction between pure rotation and CH 3 internal rotation which is equivalent with torsional vibration. Splittings of rotational transitions due to this internal rotation are observed (Gordy & Cook 1984) . The quantum number of the torsional state is represented by v t in this study. The torsional vibrations are normally low-lying vibrational modes so that the excited states of these modes are likely to be populated even in space and the pure rotational transitions in the torsional excited states may be observed. For methyl formate, the first and the second torsional excited state of methyl formate is located at about 132 cm −1 (1 cm −1 =1.438 K; (Tudorie et al. 2012) ) and 250 cm −1 (Senent et al. 2005 ) above the ground state, respectively.
The laboratory microwave spectroscopy in the ground state was first reported by Curl (1959) . The molecular constants, structure, and dipole moment were determined. Many studies to extend the ground state assignments were carried out (Bauder 1979; Demaison et al. 1983; Plummer et al. 1984 Plummer et al. , 1986 Plummer et al. , 1987 Oesterling et al. 1999; Karakawa et al. 2001) . The torsional first excited state was studied 10 years ago (Ogata et al. 2004 ) and extended global analyses by other groups were also reported (Carvajal et al. 2007; Ilyushin et al. 2009 ). Maeda et al. (2008) identified the second torsional state as well as the ground and the first torsional excited state. We have also worked on the second excited state and extensively extended the assignment and analysis, and provided the molecular constants, energies of the state, the partition function (Kobayashi et al. 2013 ).
Astronomically, the first excited state of methyl formate was first identified in Orion KL (Kobayashi et al. 2007 ) and subsequently in W 51 e2 (Demyk et al. 2008) . Favre et al. (2011) carried out a detailed study on the spatial mapping of HCOOCH 3 based on the observation by the Plateau de Bure Interferometer (PdBI) with the highest spatial resolution of 1.8" × 0.8". They identified 28 compact emission peaks and compared them with other spatial distributions, such as infrared (IR) sources, H 2 emission, and dust continuum emission. In their study, it was pointed out that the rotation temperatures obtained from v t = 0 and v t = 1 are similar. Favre et al. (2014) also reported the survey of HCOOCH 3 and its isotopologues H 13 COOCH 3 and HCOO 13 CH 3 in v t = 0 and 1 toward massive star-forming regions including Orion KL where they used the science verification (SV) data of the Atacama Large Millimeter/Submillimeter Array (ALMA).
We recently reported the first identification of rotational transitions of HCOOCH 3 in the second torsionally excited state (v t = 2; (Takano et al. 2012)) based on the laboratory microwave spectroscopic results (Kobayashi et al. 2013 ). In combination with the transitions in v t = 0 and 1, observed by the Nobeyama 45 m radio telescope and the IRAM 30 m telescope, it was found that there is a difference in rotational temperature and vibrational temperature where the latter was higher. The origin of this difference was considered to be due to a collision with hydrogen molecules and/or the far-infrared heating. In this paper, we present high spatial resolution ALMA SV data of methyl formate lines in Orion KL. We will discuss the detailed spatial distribution of methyl formate in different torsionally excited states with an increased number of observed transitions in a wider range of excitation energy than those of previous single-dish results.
Observations
The public spectral line survey data, ALMA SV toward the Orion KL, was used in this study. ′′ at band 6. The spectral resolution of the ALMA correlator was 488 kHz, which corresponds to the velocity resolution of 0.60-0.65 km s −1 at the observed frequency range. The data were analyzed by using the Common Astronomy Software Applications (CASA) package. The natural-weighted beam size was 1.
′′ 7 × 1. ′′ 4 with the position angle of 171
• . A first order fit to the line-free channels was used to estimate the continuum emission removal. The Hogbom algorithm was used for the clean. The resultant typical rms (root-mean square) noise level is 0.01-0.05 Jy beam −1 for each channel map.
Results and Discussion

Analysis of the spectral lines
For the analysis of the spectra, the rest frequencies of methyl formate in v t =0 and 1 were taken from the measurement at the University of Toyama. The estimated accuracy is 50 kHz and the assignment was done based on the JPL catalogue (Pickett et al. 1998) . The data set is from Ilyushin et al. (2009) which includes the data by Brown et al. (1975) , Bauder (1979) , Demaison et al. (1983) , Plummer et al. (1984) , Plummer et al. (1986) , Oesterling et al. (1999) , Karakawa et al. (2001) , Odashima et al. (2003) , Ogata et al. (2004 ), Carvajal et al. (2007 , and Maeda et al. (2008) . The rest frequencies in v t =2 were taken from Maeda et al. (2008) and Kobayashi et al. (2013) . Based on these laboratory studies, many lines in ALMA SV data were identified to be due to methyl formate. It was immediately recognized that a number of lines were contaminated by the other molecular transitions with a few exceptions. Any possible overlap of other lines was examined based on the molecular line database, Splatalogue (Remijan et al. 2007 ). Molecules known to exist in Orion KL were considered but were ignored when the expected transition intensity of the contaminated lines were weak. This is typical for lines with high-energy upper levels or small transition dipole moments. Isotopologues of known species were mostly ignored. Still many lines were considered to be blended. All identified transitions of methyl formate in v t =0, 1 and 2 are given in Tables 1  and 2 including intensities and other information. Some of the lines represent the overlap of the multiple methyl formate transitions. Comments are summarized as follows.
B: Blend. Apparently, contamination by other species was acknowledged. In the case of the Compact Ridge, two velocity components centered at 7.3 km s −1 and 9.1 km s
are identified as discussed in the next section. If either component is contaminated, the transition was considered to be a blended line. Some of the severely blended lines were excluded when extracting intensity information.
NB: No blend. When the intensity of the contaminated line is weaker than about 10% of the methyl formate line, it was considered to be no blend.
ND: Not detected.
Briefly, 84, 68, and 62 transitions were found to be due to the transitions of methyl formate in v t =0, 1 and 2, respectively. Figure 1 shows examples of the integrated intensity maps from 4 to 12 km s −1 of methyl formate lines (J KaKc = 18 4 15 -17 4 14 ) in v t =0, 1, and 2. We have chosen this set of transitions to compare the spatial distribution of methyl formate in different torsional states. For this purpose, we searched for clean transitions that have no contamination from other molecular lines. However, we could not find such methyl formate lines in exactly the same rotational transitions at all of the three different torsional states. Here, we employ the E sublevel of the v t =2 line and the A sublevel of v t =0 and 1 lines because A and E sublevels of methyl formate should have similar line intensities. We note that the v t =1 line is affected by a possible contamination from HC 3 N. However, the contamination would be small because the spatial distribution is found to be similar to other clean transitions of methyl formate in the v t =1 state. Although the intensity becomes weaker toward the higher vibrational states, their maps morphologically resemble those of lower vibrational states. The spatial distributions of other methyl formate transitions also show no significant differences, suggesting that dependency on the E u in the range of about 130-550 K or Sµ 2 is small. We focused our analysis on the torsionally excited state lines for the Compact Ridge and Hot Core where the intensity of HCOOCH 3 is strong enough to identify lines in the higher torsional excited states. The green circles shown in Figure 1( Favre et al. (2011) , the Compact Ridge corresponds to MF1 and the Hot Core corresponds to MF2. The Compact Ridge has a strong peaks in the channel maps at 7.69 and 9.04 km s −1 while the Hot Core has a peak only at 7.69 km s −1 . Basically, our spatial distribution agrees with the previous studies (Favre et al. 2011; Widicus Weaver & Friedel 2012) . This spatial distribution also agrees well with the dimethyl ether distribution (Widicus Weaver & Friedel 2012; Brouillet et al. 2013 ). In our data (Fig.2) we also observed two weaker peaks, that correspond to the so-called MF3 and MF4/MF5 peaks previously reported by Favre et al. (2011) . Another small peak was found between MF1 and clumps of MF4 and MF5. This peak nearly corresponds to the IRc7 (Shuping et al. 2004 ) and was also seen by Favre et al. (2014) .
Spatial Distribution and Channel Maps
The spectra of the Hot Core can be fitted by a single Gaussian and the center of velocity is about 7.3 km s −1 . On the other hand, there are two velocity components at the Compact Ridge corresponding to V LSR of about 7.3 km s −1 and 9.1 km s −1 as shown in Figure 3 . The 7.3 km s −1 component is mostly stronger than the 9.1 km s −1 component as shown in Figure 2 but is comparable when the optically thin condition does not hold. This optical depth problem will be discussed in the subsection 3.4. These two velocity components in the Compact Ridge were also found in previous studies (Favre et al. 2011; Takano et al. 2012; Hirota et al. 2014 ).
Partition Functions
The partition function used in this study was Q = Q rot Q tor . The rotational partition function was calculated by using the analytical rotational partition function, which is shown below (Turner 1991).
This analytical equation is appropriate when hA << kT . Factor two represents the factor of A and E sublevels, though there are small differences in the energy of these A and E sublevels. In this study, we have analyzed the second torsional excited state and modified the partition function to include the vibrational part of the first and second torsional excited state. The torsional excited state energy levels are considerably different from what is expected from the harmonic oscillator approximation. Therefore, we calculated the torsional factor as follows.
where ∆E and n represent the torsional energy levels and the highest torsional quantum number. The A sublevel rotational constants given by Bauder (1979) were used to calculate Equation (1). As mentioned above, the energy levels of A and E sublevels are not exactly the same, but the difference is small compared with the torsional spacings up to v t =2. Therefore, for Equation (2), ∆E=132 cm −1 (Tudorie et al. 2012) and ∆E=250 cm −1 (Senent et al. 2005) were assumed for v t =1 and 2, respectively, for both the A and E sublevels.
The partition function Q = Q rot Q tor at different approximation levels are shown in Table 3 . The values used in this study were shown in the fourth column. We compared the partition function provided by the JPL catalog (Pickett et al. 1998 ) and by Favre et al. (2014) . The JPL values were calculated by the direct sum up to the v t =1 considering the K−level degeneracy g K and the reduced nuclear spin degeneracy g I which resulted in a factor of two (Turner 1991) . This factor of two is cancelled by the choice of the intensity calculation in the rotation diagram, which is the same as that of Favre et al. (2014) . The JPL values were divided by two for direct comparison as listed in Table 3 . The direct sum is certainly a better model, but the comparison at the same level shows that our adopted simple and easy-to-calculate model is within a 1% error even at 9.375 K. Favre et al. (2014) also calculated the direct sum rotational partition function and included the effect of even higher vibrational states. Their calculation showed that the effect of torsional states higher than v t =2 is less than 5% at 150 K and smaller for lower temperatures. Therefore, we calculated the partition function up to v t =2 as discussed above. It should also be noted that there are two other vibrational modes that could contribute the partition function other than v t =3 and 4. They are the fist excited state of the COC deform mode (332 cm −1 ) and the C-O torsional mode (318 cm −1 ) (Shimanouchi 1972) . Inclusion of these four states increases the partition function by 12% at 150 K and explains the difference by Favre et al. (2014) and ours.
Rotation Diagrams
In order to evaluate the temperatures and column densities of HCOOCH 3 in Orion KL, the conventional rotation diagram method is employed (Turner 1991) . At first, the local thermodynamic equilibrium (LTE) condition and the optically thin condition were assumed for the analysis (Goldsmith & Langer 1978) and rotation diagrams were prepared for Hot Core and Compact Ridge velocity components. We found a smaller intensity for the transitions with a large Sµ 2 in v t =0 for the 7.3 km s −1 component in the Compact Ridge and Hot Core. Thus, we concluded that it was necessary to consider the optically thick condition for these transitions. It was also found that this is the case when the intensity for the 7.3 km s −1 component is comparable to that for the 9.1 km s −1 component as shown in Figure 3 . We set the criteria to exclude lines with Sµ 2 ≥ 35 in v t =0 for the 7.3 km s Tables 1 and 2 had to be removed to calculate temperatures and column densities for this reason. Assuming a temperature of 150 K, which may be a little higher for the Compact Ridge but reasonable for the Hot Core, optical depths τ of a few lines were calculated and they were about two. At Sµ 2 ≃ 35, where the optical depth was about 2, the intensity of the 7.3 km s −1 component becomes small relative to that of the 9.1 km s −1 component. The optically thick condition was already found in the previous survey study (Turner 1991; Favre et al. 2014) . Optically thick transitions sometimes showed skewed line profiles and the quality of a single Gaussian fit gave a somewhat poorer fit. Therefore, optically thick transitions and contaminated transitions were removed to determine the rotational temperature and vibrational temperature. Removal of the optically thick transitions improved the quality of the fit.
The final rotation diagrams are shown in Figure 4 . The diagram in Figure 4 (d) was used to derive the effective temperature and the column density. This treatment implicitly assumes that the rotation and vibration are thermalized and hence the excitation temperature is common for all of rotational and vibrational states. Our effective temperature calculated by using all of the data is equivalent to the vibrational temperature by Takano et al. (2012) . The rotational temperature in each vibrational state and the vibrational temperature for each component are compiled in Table 4 with previous results (Favre et al. 2011; Takano et al. 2012; Favre et al. 2014) . At the Compact Ridge, the effective temperature of the two components are similar and roughly 90 K. The temperature is higher (about 120 K) for the Hot Core. It was not possible to determine the realistic rotational temperature of HCOOCH 3 in v t =2 for the Hot Core. This is due to the fact that numerous lines are blended toward the Hot core as opposed to the Compact Ridge. However, the data of HCOOCH 3 in v t =2 for the Hot Core were used to determine the effective temperature. The rotational temperature is higher than the vibrational temperature for the Compact Ridge 7.3 km s In the previous study (Takano et al. 2012) , the vibrational temperature was clearly higher than the rotational temperature. Note that the observation by Takano et al. (2012) was carried out with the Nobeyama 45 m single-dish telescope and the area averaged temperature was obtained where the Compact Ridge and Hot Core were not spatially resolved. The difference may be attributed to the beam dilution. In addition, we employed many transitions with wider range (≥100 K) of E u compared with the previous study (Takano et al. 2012) . It is likely that the relatively narrower range (≤30 K) of E u employed in the previous study (Takano et al. 2012 ) may result in larger uncertainties to derive excitation temperatures. To evaluate the column density, Takano et al. (2012) considered the partition function including the second torsional excited state. Still it was smaller than ours by one-two orders of magnitude. This fact may also be explained by the effect of the beam dilution. Favre et al. (2011) also determined the rotational temperature where lines of multitorsional states were used so that it is the same as our effective temperature. They used a very limited number of transitions to drive temperatures and column densities so that the errors are sometimes very large or sometimes underestimated. Considering this fact, their values are thought to agree with ours. The column densities by Favre et al. (2011) are smaller than ours. As was pointed out by Favre et al. (2014) , this may be due to the fact that up to the first torsional state was considered in the partition function used by Favre et al. (2011) and the new results (Favre et al. 2014 ) are similar to our results (50% difference only).
Summary
The ground, first, and second torsional excited states of HCOOCH 3 in Orion KL were identified using ALMA SV data, and images of spatial distribution were examined. The distribution of these states are quite similar and all of the states have bright peaks toward the Compact Ridge and Hot Core. Toward the Compact Ridge, two velocity components were recognized, which were found previously (Favre et al. 2011; Takano et al. 2012; Hirota et al. 2014) . The vibrational (torsional) temperature and the rotational temperature for the Hot Core and Compact Ridge were determined by using the conventional rotation diagram method. The vibrational temperature and rotational temperature for the Hot Core and Compact Ridge 9.1 km s −1 component agreed within their errors, contrary to the previous study (Takano et al. 2012) where the vibrational temperature was higher than the rotational temperature. In addition, the rotational temperature is higher than the vibrational temperature for the Compact Ridge 7.3 km s −1 component. The difference may be explained by the beam dilution and/or the fact that small number of transitions with narrow ranges (≤30 K) of E u were considered in the previous study (Takano et al. 2012 This preprint was prepared with the AAS L A T E X macros v5.2. Note. -In the column head, Trot, T eff , and Ntot represent rotational temperature, effective temperature, and column density. Effective temperature is defined the temperature by using data in multiple torsional states. V LSR (km/s) V LSR (km/s) Fig. 3. -Examples of spectra. Green, red, and black lines represent the each fitted velocity component, total, and observation. We have also modeled the contaminant in the second panel in the top left. 
